The cytoprotective effect of heat stress proteins on epithelial cell detachment, an important cause of acute, ischemic renal failure, was examined after ATP depletion by evaluating focal adhesion complex (FAC) integrity. The intracellular distribution of FAC proteins (paxillin, talin and vinculin) was assessed by immunohistochemistry before, during and after exposure of renal epithelial cells to metabolic inhibitors. The resulting ATP depletion caused reversible re-distribution of all three proteins from focal adhesions to the cytosol. Paxillin, a key adaptor protein, was selected as a surrogate marker for FAC integrity in subsequent studies. Prior heat stress increased hsp72, a molecular chaperone, in both the triton X-100 (TX-100) soluble and insoluble protein fractions. Compared to ATP deplete control, heat stress significantly decreased paxillin and hsp72 shift from the TX-100 soluble to the insoluble protein fraction (an established marker of denaturation and aggregation); increased paxillin-hsp72 interaction detected by co-immunoprecipitation; enhanced paxillin extractability from TX-100 insoluble precipitates; increased the reformation of focal adhesions and improved cell attachment (P < 0.05). To determine whether hsp72 mediates protection afforded by heat stress, cells were infected with adenovirus containing human hsp72 or empty vector. Hsp72 over-expression increased its interaction with paxillin and improved focal adhesion reformation during recovery, mimicking the protective effects of heat stress. These data suggest that hsp72 facilitates the reassembly of focal adhesions and improves cell attachment by reducing paxillin denaturation and by increasing its re-solubilization after ATP depletion.
INTRODUCTION
4 impairs recovery (16, (19) (20) (21) . Perturbations in protein conformation correlate with their solubility in non-selective detergents such as triton X-100 (14, 17, 20) . Intracellular proteins that denature or aggregate during ATP depletion are likely targets for rescue by molecular chaperones (20, 22, 23) . Structural proteins that comprise the cytoskeleton or cell adhesion sites are likely to interact with molecular chaperones since: (1) disruption of these cellular sites is one of the earliest morphologic features of ischemia (24) (25) (26) (27) and ATP depletion (5, 28) ; (2) ischemia increases the content of detergent-insoluble cytoskeletal-associated proteins (14, 16, 17, 20, 29) and (3) ischemia promotes the formation of large protein aggregates (5, 16, 26) . In contrast to the pathologic changes in the actin cytoskeleton and cell-cell contact sites that accompany ATP depletion, alterations in focal adhesion complex proteins are poorly characterized.
Intracellular proteins that are denatured or aggregate during ATP depletion are likely targets for rescue by molecular chaperones (20, 22, 23) . Hsp72, a known cytoprotectant protein, is induced by renal ischemia in vivo (30) and acts as a molecular chaperone, binding and repairing non-native proteins (20, 23, 31) . Although the chaperone function of hsp72 is well characterized, its role in protecting proteins involved in cell attachment has not been previously described. The present study evaluated the hypothesis that hsp72 protects cell attachment, at least in part, by interacting with proteins that comprise the focal adhesion complex. ATP depletion caused hsp72 and paxillin (an adaptor protein that localizes to the focal adhesion plaque) to shift from the triton X-100 soluble protein fraction (containing primarily cytosolic proteins) to the triton X-100 insoluble pool (containing cytoskeletal and other structural proteins). In addition, ATP depletion caused the reversible re-distribution of talin, vinculin, and paxillin from focal adhesion plaques into the cytosol. Loss of focal adhesion staining was associated with cell detachment.
Prior heat stress prevented the loss of paxillin from the detergent-soluble protein pool, increased paxillin extractability from the detergent-insoluble pool, enhanced paxillin 5 staining in focal adhesion plaques during recovery from ATP depletion and increased cell attachment (P < 0.05). Both heat stress and ATP depletion increased the interaction between paxillin and hsp72, suggesting that protein repair facilitates the re-entry of paxillin into the focal adhesion plaque during recovery from ATP depletion. Selective over-expression of hsp72 also increased its interaction with paxillin and reproduced the protective effect of prior heat stress on the reformation of focal adhesion plaques.
These studies suggest that hsp72 prevents focal adhesion protein denaturation and increases the release of focal adhesion components from detergent-insoluble protein aggregates. By preventing primary protein denaturation and secondarily, by increasing the content of functional proteins available for re-assembly of focal adhesions, hsp72 exerts cytoprotective effects on cell attachment. content to < 10% of the baseline value within 10 minutes in both control and previously heated renal epithelial cells (32) . DMEM containing 10 mM glucose without metabolic inhibitors was added to initiate recovery. Parallel medium changes were made in controls using glucose-containing DMEM. To induce hsp72, OK cells were heated to Selective over-expression of hsp72: Cells were co-infected with adenoviruses containing wild-type human hsp72 and green fluorescent protein (AdTR5/hsp70-GFP) expressed on separate cistrons and a tetracycline-regulated promoter (AdCMV/tTA) kindly provided by Dick Mosser (University of Guelph, Ontario Canada) as recently described (33) . This maneuver increase hsp72 content to a level compared to that of heat stress (33) . Control cells were co-infected for 24 hr. at 37 o C with 3 x 10 7 PFU/35 mm 2 petri dishAdTR5/GFP and AdCMV/tTA. Infection efficiency for both viruses was 7 >95% as estimated by direct visualization of GFP. After 24 hr exposure to either adenovirus, cells were subjected to ATP depletion as described above.
Preparation of cell fractions:
Whole cell lysate: Harvested cells were re-suspended in cell lysis buffer (described below) containing a protease cocktail (10 units/ml). Cells were sonicated and then centrifuged at 10,000xg for 5 minutes at 4 o C. The supernatant was designated as the whole cell lysate.
Triton X-100 extraction: Monolayers of cells in individual, 60 mm 2 culture dishes were incubated for 30 minutes on a rocker at 4 o C with 0.4 ml Triton X-containing CSK extraction buffer containing (in mM): NaCl, 50; sucrose, 300; PIPES, 10; MgCl2, 3; and triton X-100 (0.5% v/v) and protease inhibitor cocktail (10 units/ml) at pH 7.40. After centrifugation (13,000 rpm x 15 min at 4 o C), the supernatant (the Triton-X soluble protein fraction) was harvested. The pellet (the Triton-X insoluble protein fraction) was sonicated at 4 o C in 0.1 ml SDS IP buffer containing (in mM): Tris HCl, 10; EDTA, 0.5; DTT, 0.5; with DNAase, 0.1 mg/ml; RNAase, 0.1 mg/ml), a protease inhibitor cocktail (10 units/ml) and SDS (1%).
Immunologic Analyses: Protein components of the focal adhesion plaque including paxillin (cat# 05-417), talin, (cat# 05-385) vinculin (cat# 05-386) were examined using commercially available antibodies (Upstate Biotechnologies , Lake Placid, NY). Hsp72
(cat #SPA-810, StressGen Biotechnologies, Victoria, BC Canada) and hsp27 (Santa Cruz #SC-1049) were detected with mouse monoclonal antibodies specific for these proteins. Immunoreactive proteins were detected with a horseradish peroxidasebased enzyme-linked chemiluminescence system as previously described (33) .
Immunodetected protein bands were quantified using NIH-Image Quant Software after scanning the blot with a densitometer (Hewlett-Packard, Desk Scan II). Species specific Cy3-linked secondary antibodies (Jackson Immunoresearch, West Grove, PA) were 8 used for all immunohistochemical studies in cells fixed with 2% paraformaldehyde after permeabilization with 1% sodium dodecyl sulfate as previously reported (5).
Immunoprecipitation and Co-immunoprecipitation
As previously reported (33, 34) , aliquots of samples obtained from the whole cell lysates or triton x-100 soluble and insoluble protein extracts were subjected to co-immunoprecipitation (IP). Samples were diluted to 1 mg/ml with IP buffer (in mM): NaCl, 150; TRIS-HCl, 10; EDTA, 5;
EGTA, 1 at pH 7.40; to which triton X-100 (0.1%) and a protease inhibitor cocktail (10 units/ml; cat#539131; Merck Biosciences AG, Germany) were added. Apyrase and EDTA prevent ATP and Mg-mediated release of potential binding partners from hsp72 Since ATP depletion and recovery resulted in a parallel shift of hsp72 and paxillin into the triton X-100 insoluble protein pool and hsp72 preferentially binds non-native proteins, potential interaction between these two proteins was assessed by coimmunoprecipitation. Minimal interaction between hsp72 and paxillin was observed at baseline (lane 1, upper panel, fig 8A) . ATP depletion and recovery modestly increased their interaction (lanes 2,3). In contrast, prior heat stress markedly increased the interaction between hsp72 and paxillin under all experimental conditions. Attempts to detect paxillin in hsp72 immunoprecipitates was complicated by interference of the overlying heavy chain band with paxillin (data not shown). Selective over-expression of human hsp72 ("+Hsp72") also increased the interaction between these two proteins when compared to empty vector that contained GFP alone ("-Hsp72"; middle panel).
The increase in hsp72-paxillin interaction associated with heat stress cannot be attributable to changes in the amount of paxillin contained in the immunoprecipitates, since paxillin content was comparable in each sample (lower panel).
To further evaluate protein interaction, triton x-100 soluble and insoluble immunoprecipitates were assessed. Triton x-100 insoluble protein extracts were 8C) .
To test the hypothesis that hsp72 is rate-limiting in restoring focal adhesion complexes in injured cells, human, wild type hsp72 was selectively over-expressed prior to ATP depletion. Exposure to adenovirus containing hsp72, but not empty vector, increased the steady state content of hsp72 to a level comparable to that of heat stress (data not shown). Selective increase of hsp72 ("+Hsp72") did not affect paxillin staining in focal
DISCUSSION
ATP depletion is associated with the detachment of viable renal epithelial cells from the substratum (3). In the present study (fig 1) , detachment is unlikely to be due to renal cell death, since minimal necrosis (manifested as loss of lactate dehydrogenase or trypan blue uptake; ref (32) establishing cell polarity, during recovery from renal ischemia (14, 48, 49) . In the present study, hsp72 could stabilize cell attachment by re-targeting paxillin to the focal adhesion plaque.
To identify the specific protein responsible for cytoprotection, interaction between paxillin and hsp72, the major inducible HSP70 member in mammalian cells, was examined. Hsp72 is an ideal candidate chaperone, since prior heat stress increases its steady state content in both the detergent soluble and insoluble protein fractions ( fig   7A) and significantly decreases the shift in hsp72 from the detergent soluble to the insoluble fraction during ATP depletion and recovery ( fig 7C) . In the present study, selective over-expression of hsp72 mimicked the effect of heat stress on focal adhesion plaque formation during recovery from ATP depletion (fig 9) . Taken together, these observations suggest that hsp72 protects paxillin and mediates the improvement in cell attachment associated with prior heat stress. A role for hsp72 in protecting paxillin is supported by the observation that both heat stress and the selective over-expression of hsp72 increased interaction between these two proteins in whole cell lysates ( fig 8A) . Furthermore, ATP depletion enhanced hsp72-paxillin interaction in both the detergent soluble and insoluble protein fractions, especially in cells that over-express hsp72 (fig 8B) . This suggests that hsp72 not only ameliorates paxillin denaturation, but also facilitates its repair.
To assess the specificity of paxillin-hsp72 interaction, the degree of coimmunoprecipitation between paxillin with hsp27 was examined. Hsp27 associates with cytoskeletal proteins (18, 51) and has been reported to protect myocardial cells against ischemia both in vitro (52) and in vivo (53) . Unlike hsp72, minimal interaction between paxillin and hsp27 were detected in renal epithelial cells and ATP depletion exerted almost no effect on hsp27-paxillin interaction ( fig 8C) . In addition, microinjection of hsp27 in non-renal cells actually inhibited focal adhesion formation after thermal stress Since hsp72 has a half-life measured in days (30, 32) , maneuvers that increase hsp72 content may ameliorate renal epithelial cell injury and improve organ function after an ischemic insult.
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